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Hox genes show related sequences and overlapping expression domains that often reflect functional redundancy as well as
a common evolutionary origin. To accurately define their functions, it has become necessary to compare phenotypes of mice
with single and multiple Hox gene mutations. Here, we focus on two Abd-B-type genes, Hoxa-10 and Hoxa-11, which are
coexpressed in developing vertebrae, limbs, and reproductive tracts. To assess possible functional redundancy between these
two genes, Hoxa-10/Hoxa-11 transheterozygotes were produced by genetic intercrosses and analyzed. This compound
utation resulted in synergistic defects in transheterozygous limbs and reproductive tracts, but not in vertebrae. In the
orelimb, distal radial/ulnar thickening and pisiform/triangular carpal fusion were observed in 35 and 21% of transhet-
rozygotes, respectively, but were effectively absent in Hoxa-10 and Hoxa-11 1/2 forelimbs. In the hindlimb, distal
ibial/fibular thickening and loss of tibial/fibular fusion were observed in >80% of transheterozygotes but in no Hoxa-10 or
oxa-11 1/2 hindlimbs, and all transheterozygotes displayed reduced medial patellar sesamoids, compared to modest
ncidences in Hoxa-10 and Hoxa-11 1/2 mutants. Furthermore, while the reproductive tracts of Hoxa-10 and Hoxa-11
single heterozygous mutants of both sexes were primarily unaffected, male transheterozygotes displayed cryptorchidism
and abnormal tortuosity of the ductus deferens, and female transheterozygotes exhibited abnormal uterotubal junctions and
narrowing of the uterus. In addition we observed that the targeted mutations of Hoxa-10 and Hoxa-11 each affected the
xpression of the other gene in the developing prevertebra and reproductive tracts. These results provide a measure of the
unctional redundancy of Hoxa-10 and Hoxa-11 and a deeper understanding of the phenotypes resulting in the single
utants and help elucidate the regulatory interactions between these two genes. © 2000 Academic Press
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HINTRODUCTION
First discovered within the homeotic complex (HomC) of
Drosophila (Akam, 1989), homeobox genes encode tran-
scription factors which all share a helix-turn-helix DNA-
binding motif, the homeodomain (Kissinger et al., 1990;
tting et al., 1990). In Drosophila, mutations in these genes
ften result in dramatic transformations of segment iden-
ity or deletions of structures (Akam, 1987). Clustered
1 To whom correspondence should be addressed at Developmen-
tal Biology, Children’s Hospital Research Foundation, 3333 Burnet
Avenue, Cincinnati, OH 45229. Fax: (513) 636-4317. E-mail:gsteve.potter@chmcc.org.
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All rights of reproduction in any form reserved.omeobox (Hox) genes related to those in Drosophila also
xist in mammals, but whereas the Drosophila genome
ontains one split complex of 8 genes, mammalian genomes
ave four complexes and a total of 39 genes. These four
omplexes, designated HoxA, B, C, and D, are located on
our different chromosomes and are thought to have arisen
ia quadruplication of an ancestral complex present within
n early chordate (Kappen et al., 1989; Schughart et al.,
989; Garcia-Ferna`ndez and Holland, 1994). Based on se-
uence homology, the Hox genes can be vertically aligned
nto 13 paralogous groups (Scott, 1992). Of particular inter-
st, the single Drosophila Abd-B gene at the 59 end of the
omC is represented by 5 paralogous groups, totaling 16enes, within mammalian Hox clusters.
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374 Branford et al.Remarkably, the functional properties of vertebrate Hox
omplexes are very similar to those of the Drosophila
omC. In both mice and Drosophila, the relative position
f a Hox gene in the cluster dictates its spatiotemporal
xpression along the anterior/posterior (A/P) axis of the
eveloping embryo, such that any gene within a complex is
xpressed earlier and in a more anterior position than its 59
eighboring gene (Duboule and Dolle´, 1989; Graham et al.,
1989). Furthermore, genes in both the HomC and the Hox
clusters are believed to developmentally specify regional
identity along the embryonic A/P axis via a combinatorial
code (Lewis, 1978; Hunt et al., 1991; Kessel and Gruss,
991). This code, known as the Hox code in vertebrates,
predicts that the combination of Hox genes expressed
ithin a given A/P segment dictates the identity of that
egment, and this prediction has been supported by numer-
us gain- and loss-of-function mutational analyses in both
y and mouse. In general, these mutations result in region-
lly restricted defects occurring at or near the anterior
oundary of expression of the affected gene (McGinnis and
rumlauf, 1992; Krumlauf, 1994; Davis and Capecchi,
994, 1996; Horan et al., 1994; Kostic and Capecchi, 1994;
hang et al., 1994; Favier et al., 1995; Horan et al., 1995a;
Rancourt et al., 1995; Satokata et al., 1995; Rijli et al., 1995;
Suemori et al., 1995; Yokouchi et al., 1995; Barrow and
Capecchi, 1996; Boulet and Capecchi, 1996; Fromental-
Ramain et al., 1996a,b; Saegusa et al., 1996; Chen and
Capecchi, 1997). Many of these defects have been inter-
preted as homeotic transformations toward bordering ante-
rior or posterior fates. These transformations have been
most easily defined within the segmented axes of develop-
ing Drosophila embryos and murine vertebral columns.
In contrast, targeted deletion of some Hox genes results
not only in transformations, but also in defects not easily
recognized as anteriorizations or posteriorizations. In par-
ticular, Abd-B-type genes of the HoxA complex are ex-
pressed in a nested pattern delineating the proximal/distal
(P/D) axis of the developing limb bud (Haack and Gruss,
1993), yet mutations in these genes generally result in
subtle alterations of appendicular skeletal elements and not
in transformations of regional limb identity (Small and
Potter, 1993; Favier et al., 1996; Fromental-Ramain et al.,
1996a,b). For example, loss of Hoxa-10 results in an enlarge-
ment and distal shift of the third femoral trochanter,
reduced medial patellar sesamoids, and misshapen lateral
patellar sesamoids (Favier et al., 1996), while loss of
Hoxa-11 results in carpal fusions; thickened ulnae, radii,
tibiae, and fibulae; abnormal tibial/fibular fusion; and en-
larged medial subtibiale tarsal sesamoids (Small and Potter,
1993). It is apparent that these modest limb defects partially
result from functional redundancy between Hox paralogs.
In several cases, the absence of two paralogs results in more
severe phenotypes than seen in mouse mutants missing
only one paralog (Condie and Capecchi, 1994; Davis et al.,
1995; Horan et al., 1995a,b; Fromental-Ramain et al.,
1996a,b; Chen and Capecchi, 1997). For example, Hoxa-11
and Hoxd-11 2/2 mice exhibit subtle forelimb alterations
Copyright © 2000 by Academic Press. All rightand no kidney defects, whereas double null mutants exhibit
almost total loss of radii and ulnae and extremely hypoplas-
tic kidneys (Davis et al., 1995).
The appendicular skeletal phenotype of Hoxa-11/
Hoxd-11 double null mutants led to the proposal of a Hox
code model for limb development (Davis et al., 1995). This
code predicts that the activation order and interaction of
Abd-B-type paralogs specify the patterning of prechondro-
genic condensations along the P/D axes of developing limb
buds. More specifically, the most 39 genes, the Hox group 9
paralogs, would dictate the formation of the most proximal
limb elements, the scapulae and pelves, with each succes-
sive 59 gene specifying progressively more distal elements.
Thus, Hoxa-10 and Hoxa-11 would function in specifica-
tion of stylopodal (humerus and femur) and zeugopodal
(radius, ulna, tibia, and fibula) elements, respectively, and
indeed, Hoxa-10 and Hoxa-11 2/2 mutants exhibit subtle
defects in the predicted appendicular regions, as described
above (Small and Potter, 1993; Favier et al., 1996).
This model does not, however, predict functional overlap
between Hoxa-10 and Hoxa-11 during limb development.
Furthermore, the principle of posterior prevalence predicts
that a given Hox gene cannot specify structures in regions
where it is coexpressed with more 59 nonparalogous genes.
Thus strict application of this principle also predicts that
Hoxa-10 and Hoxa-11 do not functionally overlap
(Duboule, 1991; Duboule and Morata, 1994). Nonetheless,
several lines of evidence suggest that redundancy may exist.
First, both Hoxa-10 and Hoxa-11 are closely related Abd-
B-type Hox genes. They might even be considered adjacent
“paralogs,” since all Abd-B-type genes are believed to be
derived from a single ancestral precursor (Izpisua-Belmonte
et al., 1991; Kappen et al., 1993; Schubert et al., 1993).
Second, Hoxa-10 and Hoxa-11 expression overlaps in devel-
oping zeugopods (Haack and Gruss, 1993; Small and Potter,
1993; Benson et al., 1995; Hsieh-Li et al., 1995; Favier et al.,
1996), and third, in some cases contiguous nonparalogous
Hox genes have previously been shown to exhibit func-
tional redundancy during development (Rancourt et al.,
1995; Davis and Capecchi, 1996; Za´ka´ny and Duboule,
1996).
In this report we further dissect the developmental func-
tion of the Hoxa-10 and Hoxa-11 genes. Potential func-
tional overlap was studied by examining the axial, appen-
dicular, and reproductive tract phenotypes in all possible
genotypes resulting from the interbreeding of Hoxa-10 and
Hoxa-11 mutants. Synergistic phenotypes suggestive of
functional overlap were observed in the limbs and repro-
ductive tracts, but not in the axial skeleton. In addition we
determined the Hoxa-10 and Hoxa-11 developmental ex-
pression patterns in the multiple Hoxa-10/Hoxa-11 mu-
tants. Interestingly, the mutation of each gene was found to
perturb the expression of the other. These results better
define the genetic basis of the Hoxa-10 and Hoxa-11 tar-
geted mutant phenotypes. Further, the observed reproduc-
tive tract defects in both Hoxa-10 2/2 and Hoxa-11 2/2
mutants (Small and Potter, 1993; Benson et al., 1995, 1996;
s of reproduction in any form reserved.
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375Characterization of Hoxa-10/Hoxa-11 TransheterozygotesHsieh-Li et al., 1995; Satokata et al., 1995; Gendron et al.,
1997) are shown to likely result from a combination of the
targeted null mutations and subsequent repression of other
Hox genes. This work initiates a dissection of the regula-
tory interactions of Hoxa-10 and Hoxa-11.
MATERIALS AND METHODS
Generation and Genotyping of Mice
To generate F1 wild-type, Hoxa-10 1/2, Hoxa-11 1/2, and
oxa-10/Hoxa-11 transheterozygous mice, [Hoxa-10 1/2 (129Sv/
) 3 Hoxa-11 1/2 (CF-1 3 129Sv)] crosses were performed (Small
and Potter, 1993; Satokata et al., 1995). To generate Hoxa-10 2/2
and Hoxa-11 2/2 controls on the same genetic background as
other specimens, [Hoxa-10 1/2 3 Hoxa-10 1/2] and [Hoxa-11
1/2 3 Hoxa-11 1/2] crosses were performed with F1 heterozy-
otes derived from the above cross. Due to the close genetic linkage
f Hoxa-10 and Hoxa-11, double null mutants could not be
roduced by breeding. Moreover, male transheterozygotes tested
ever produced offspring, making the generation of double null
utants by standard targeting techniques difficult.
Genomic DNA isolation from mouse tissues was performed as
reviously described (Small and Potter, 1993). Mice were PCR
enotyped. For Hoxa-10 mutants, two Hoxa-10-specific primers
(59-AGTTCCAAAGGCGAAAATGC-39, 59-GTGAGTTCTGGGG-
CAGAGGCTGGA-39) and a neo primer (59-TCTGGACG-
AAGAGCATCAGG-39) were used. The resulting PCR products
were 353 and 533 bp for wild-type and targeted alleles, respectively.
For Hoxa-11 mutants, two Hoxa-11-specific primers (59-
CAACATGAGTTACACCGGCGATTACGTGCT-39, 59-GGCTC-
AATGGCGTACTCTCTGAAGGTCACT-39) and a neo primer (59-
CAAGGGGGAGGATTGGGAAGACAATAGCAG-39) were used.
The resulting PCR products were 550 and 384 bp for wild-type and
targeted alleles, respectively.
Whole-Mount in Situ Hybridization
Whole-mount in situ hybridizations were performed as previ-
ously described (Small and Potter, 1993). Hoxa-11 riboprobe used
for hybridizations to whole embryos was transcribed from a con-
struct containing a 0.6-kb cDNA fragment encompassing the 59 end
of Hoxa-11. The Hoxa-10 and Hoxa-11 riboprobes used for hybrid-
izations to reproductive tracts were made as previously described
(Ma et al., 1998). Other riboprobes were transcribed from con-
structs graciously provided by Professors Peter Gruss (HoxA) and
Denis Duboule (HoxD) (Dolle´ et al., 1989; Haack and Gruss, 1993).
Embryonic Staging and Somite Determination
Male and female mice were housed together overnight. Embry-
onic day 0.5 (E0.5) equaled the morning upon which a vaginal plug
was observed.
To compare stage-matched embryos at E11–11.5, limb buds were
used as a landmark for precise counting of somite numbers. Based
upon the observations of Milaire and Mulnard (1984) and Burke et
l. (1995), the posterior edges of E11 and E11.5 hindlimb buds were
onsidered to be parallel to somites 30–31 (prevertebra 26; sixth
umbar vertebra) and 31–32 (prevertebra 27; first sacral vertebra),
espectively, and the anterior limits of somitic Hox expression
ere determined by counting somites rostral to the posterior edge b
Copyright © 2000 by Academic Press. All rightf the hindlimb bud. The above method of determining E0.5 and
he posterior shift of the hindlimb during development introduce a
mall degree of variability into this counting system, such that the
omite levels determined in this report are considered to be
ccurate, plus or minus 1 somite (Burke et al., 1995). All somite-
o-prevertebra conversions were done as described in Burke et al.
1995).
Skeletal and Reproductive Analysis
Staining of newborn mouse skeletons and adult mouse limbs
was performed as previously described (Small and Potter, 1993).
Newborn specimens were sacrificed on the day of birth or the day
following. Adult specimens were sacrificed at 7–13 weeks of age.
All specimens were analyzed against age-matched wild-type con-
trols.
Reproductive analyses were performed as previously described
(Satokata et al., 1995; Benson et al., 1996). All specimens were
acrificed at .2 months of age and analyzed against age-matched
ild-type controls.
RESULTS
Hoxa-10/Hoxa-11 Transheterozygous Vertebrae
Hoxa-10 and Hoxa-11 are coexpressed in several prever-
ebrae, and mutation of either gene in mice results in
ertebral defects (Table 1; Kessel, 1992; Small and Potter,
993; Benson et al., 1995; Satokata et al., 1995; Rijli et al.,
995). To look for possible functional redundancy of these
wo genes in vertebral development, we examined the
ertebrae of $10 newborn mice of each resulting Hoxa-10/
oxa-11 genotype possible by interbreeding Hoxa-10 and
oxa-11 mutants (Table 1). Wild-type mice had 7 cervical
ertebrae (C1–7); 13 thoracic vertebrae (T1–13), each with a
ilateral rib pair; 5 or 6 lumbar vertebrae (3/17 L1–5; 14/17
1–6); 4 sacral vertebrae (S1–4); and a variable number of
audal vertebrae (Fig. 1A). All Hoxa-10 2/2 mutants exhib-
ted an L1 3 T139 anteriorization, with 64% (7/11) having
complete 14th pair of ribs on L1* (Fig. 1D; Table 1;
atokata et al., 1995; Rijli et al., 1995). The remaining
pecimens had only a partial set of extra ribs. Surprisingly,
3% (3/23) of Hoxa-10 1/2 mice also exhibited this ante-
iorization. Analysis of posterior articular processes charac-
eristic of L1–3 revealed anteriorization caudal to L1 in
oxa-10 2/2 mutants (Table 1; Rijli et al., 1995). Twenty-
even percent (3/11) of Hoxa-10 2/2 mice displayed a
omplete L4 3 L39 anteriorization, while 36% (4/11) had a
artial anteriorization, with L4 unilaterally possessing a
osterior articular process.
Hoxa-11 mutants displayed both posteriorization and
nteriorization. A T133 L19 posteriorization was observed
n 73% (11/15) and 100% (10/10) of Hoxa-11 1/2 and 2/2
ice, respectively (Figs. 1B and 1E; Table 1; Small and
otter, 1993). The degree of posteriorization ranged from
artial loss of ribs unilaterally to complete loss of ribs
ilaterally, with the heterozygous phenotype being less
s of reproduction in any form reserved.
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376 Branford et al.severe than the homozygous. Analysis of rib length and
morphology suggested that posteriorization did not extend
rostral to L19. Examination of lumbar posterior articular
processes also revealed a complete L43 L39 anteriorization
in 70% (7/10) of Hoxa-11 2/2 mutants, with 1 other
specimen showing partial anteriorization (Table 1). Inter-
TABLE 1
Vertebral Transformations in Genetic Combinations of Hoxa-10 a
1/1
1/1
(n 5 17)
a10 1/2
a11 1/1
(n 5 23)
osteriorizations
Complete T13 3 L19a — —
Partial T13 3 L19b,c — 1/23
Anteriorizationsd
Complete L1 3 T139e — 1/23
Partial L1 3 T139c,f — 2/23
Complete L4 3 L39g — —
Partial L4 3 L39c,h — 1/23
Complete S1 3 L69i — —
Partial S1 3 L69c,j — —
a 13th pair of ribs absent.
b 13th pair of ribs partially present.
c No trends in sidedness were observed for unilateral defects.
d Vertebra 21 5 L1 in all analyses of anteriorization; lumbar ver
e Complete 14th pair of ribs present.
f Partial 14th pair of ribs present.
g Characteristic L3 posterior articular processes bilaterally prese
h Characteristic L3 posterior articular processes unilaterally pres
i L69 bilaterally fused to S19 vertebra.
j L69 unilaterally fused to S19 vertebra 5 half lumbar/half sacral
FIG. 1. T13/L1 phenotypes of Hoxa-10/Hoxa-11 mutants. The 12
re denoted. Asterisks denote transformed vertebrae. (A) Dorsal v
resent (arrows). (B, C) Vertebrae of Hoxa-11 1/2 and Hoxa-10/Hox
3th pair of ribs (arrows), indicating partial T133 L19 posterioriza
f ribs present (arrows), indicating a complete L13 T139 anterioriz
air of ribs, indicating a complete T13 3 L19 posteriorization.
Copyright © 2000 by Academic Press. All rightestingly, 1 of 15 Hoxa-11 1/2 mice had a complete L4 3
L39 anteriorization, while 2 others displayed partial trans-
formations. In addition, the presence of complete (1/10) and
partial (2/10) S1 3 L69 transformations in Hoxa-11 2/2
mutants indicated anteriorization caudal to L4 (Table 1;
Small and Potter, 1993). Furthermore, the presence of four,
oxa-11 Mutant Alleles
a10 1/1
a11 1/2
(n 5 15)
a10 1/2
a11 1/2
(n 5 10)
a10 2/2
a11 1/1
(n 5 11)
a10 1/1
a11 2/2
(n 5 10)
3/15 — — 7/10
8/15 5/10 — 3/10
— — 7/11 —
— — 4/11 —
1/15 1/10 3/11 7/10
2/15 1/10 4/11 1/10
— — — 1/10
— — — 2/10
e resulting from T13 3 L19 posteriorization are discounted.
L4.
n L4.
ebra.
d 13th thoracic vertebrae (T12, T13) and 1st lumbar vertebra (L1)
of vertebrae of wild-type skeleton with 13 complete pairs of ribs
transheterozygous skeletons, respectively, with partial loss of the
(D) Vertebrae of Hoxa-10 2/2 skeleton with a complete 14th pair
. (E) Vertebrae of Hoxa-11 2/2 skeleton with total loss of the 13thnd H
tebra
nt on
ent oth an
iew
a-11
tion.
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377Characterization of Hoxa-10/Hoxa-11 Transheterozygotesnot three, sacral vertebrae in these specimens indicated
anteriorization caudal to S4.
Examination of the T13/L1 transition in Hoxa-10 1/2/
Hoxa-11 1/2 mice (Hoxa-10/Hoxa-11 transheterozygotes)
revealed half (5/10) had the wild-type phenotype of 13
complete pairs of ribs, while half had partial loss of the 13th
pair (Fig. 1C; Table 1). The incidence and morphology of the
posteriorization were similar to those of Hoxa11 1/2 mice.
Caudal to the T13/L1 transition, all 10 transheterozygotes
exhibited the wild-type phenotype of 6 lumbar vertebrae,
while all but 2 had the normal L1–3 array of posterior
articular processes (Table 1). Of those 2, 1 had a partial and
the other a complete L4 3 L39 transformation. Like the
posteriorization, the incidence of transheterozygous anteri-
orization resembled that of Hoxa-11 1/2 mutants.
The Hoxa-10 and Hoxa-11 Mutations Affect the
Expression of One Another in the Developing
Vertebrae
To examine possible regulatory interactions between the
Hoxa-10 and the Hoxa-11 genes we determined whether
mutation in either gene affected expression of the other. In
wild-type E11.5 embryos, an even level of Hoxa-10 prever-
ebral expression extended posteriorly from prevertebra 21
pv21), which will form L1, into the tail (Figs. 2A and 3A). In
oxa-11 1/2 and 2/2 mutants, the intensity of Hoxa-10
revertebral expression was indistinguishable from that of
ild type, and as perhaps expected in the absence of one
ild-type Hoxa-10 allele, the intensity of Hoxa-10 expres-
ion in Hoxa-10/Hoxa-11 transheterozygotes was decreased
Figs. 2B, 2C, 3B, and 3C). Unexpectedly, however, muta-
ion of Hoxa-11 altered the region of Hoxa-10 expression. In
Hoxa-11 1/2, Hoxa-10/a-11 transheterozygous, and
Hoxa-11 2/2 mutants, the normal domain of Hoxa-10
expression extended ectopically from pv21 into the more
anterior pv20, which will form T13 (Figs. 2B, 2C, 3B, and
3C).
We also observed that the mutation in Hoxa-10 altered
Hoxa-11 expression. Similar to but originating more poste-
riorly than Hoxa-10 expression, Hoxa-11 prevertebral ex-
pression in wild-type and Hoxa-10 1/2 E11.5 embryos
extended from prevertebra 24, which will form L4, on into
the tail (Figs. 2D, 2E, 3D, and 3E). In contrast, Hoxa-11
prevertebral expression in Hoxa-10/Hoxa-11 transheterozy-
gotes and Hoxa-10 2/2 mutants was severely diminished,
ith no detectable signal in the transheterozygotes (Figs. 2F
nd 3F). The mutation of Hoxa-10 therefore resulted in a
dramatic reduction, but not complete extinction, of expres-
sion of the contiguous Hoxa-11 allele in the prevertebrae.
This appeared to be a cis effect, since in transheterozygotes
the one wild-type Hoxa-10 allele could not rescue normal
expression of the wild-type Hoxa-11 allele on another
chromosome.
Copyright © 2000 by Academic Press. All rightSynergism between the Hoxa-10 and the Hoxa-11
Mutations Revealed in Hoxa-10/Hoxa-11
Transheterozygous Limbs
As in vertebrae, Hoxa-10 and Hoxa-11 also exhibit over-
apping expression in the developing fore- and hindlimb
uds, and mice lacking either gene exhibit limb abnormali-
ies (Table 2; Haack and Gruss, 1993; Small and Potter,
993; Benson et al., 1995; Hsieh-Li et al., 1995; Favier et al.,
1996). Thus, functional redundancy during limb develop-
ment was assessed by examining the limbs of $10 adult
mice of each Hoxa-10/Hoxa-11 genotype (Table 2). In
Hoxa-10 2/2 mutants, a minor stylopodal abnormality, a
shortened humeral deltoid crest in 6 of 20 specimens, was
the only forelimb defect observed (Table 2; Favier et al.,
1996). In contrast, Hoxa-11 2/2 forelimbs exhibited several
defects (Table 2; Small and Potter, 1993). All 20 Hoxa-11
2/2 zeugopods (ulnae and radii) showed distal thickening
and a 10% reduction in length, while in the archipodial
autopod (proximal foot plate), 70% (14/20) and 20% (4/20)
of Hoxa-11 2/2 mutants displayed pisiform/triangular and
lesser multangular/centrale carpal fusions, respectively
(Table 2; Small and Potter, 1993). Both Hoxa-10 and
Hoxa-11 heterozygous mutant mice had apparently normal
forelimbs on this genetic background, except for a pisiform/
triangular fusion observed in one Hoxa-11 1/2 forelimb.
However, Hoxa-10/Hoxa-11 transheterozygotes displayed
synergistic forelimb defects much more severe than those
observed in single heterozygotes. The transheterozygote
forelimbs resembled those of Hoxa-11 2/2 mutants, with
thickening of the distal zeugopod (12/34) and pisiform/
triangular carpal fusions (7/33) observed (Figs. 4A and 4B;
Table 2).
As in the forelimb, a minor styopodal defect was also
present in the Hoxa-10 2/2 hindlimb. The third femoral
trochanter (trochanter tertius), a rump muscle insertion site
along the dorsolateral aspect of the proximal femur, was
altered in 7 of 20 specimens (Table 2; Favier et al., 1996). At
the level of the knee, mice have a lateral and medial
sesamoid bone, both adjacent to the distal femur, and in
Hoxa-10 2/2 hindlimbs, half (10/20) the lateral patellar
sesamoids were proximally displaced, with 40% (8/20)
exhibiting abnormal heart shapes, while all the medial
patellar sesamoids were variably reduced (20/20), with the
sesamoid absent in 20% (4/20) (Table 2; Favier et al., 1996).
Furthermore, in the hindlimb zeugopod, Hoxa-10 2/2
mutants displayed distally thickened fibulae (18/20) and a
slight reduction in proximal tibial/fibular fusion (4/20) (Fig.
4H; Table 2). Similar to Hoxa-10 2/2 hindlimbs, reduced
medial patellar sesamoids, distally thickened fibulae, and
abnormal tibial/fibular fusions were present in Hoxa-11
2/2 mutants (Table 2; Small and Potter, 1993). However, in
Hoxa-11 2/2 hindlimbs, these defects were fully penetrant
(20/20); distally thickened tibiae, as well as fibulae, were
present (20/20), and tibial/fibular fusion was primarily
abolished (20/20) (Fig. 4I; Table 2; Small and Potter, 1993).
Reduction or absence of the medial subtibiale tarsal sesa-
s of reproduction in any form reserved.
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379Characterization of Hoxa-10/Hoxa-11 Transheterozygotesmoid was also observed in 6 of 20 Hoxa-11 2/2 hindlimbs
Table 2; Small and Potter, 1993).
Hoxa-10 1/2 hindlimbs displayed a modest incidence of
educed medial patellar sesamoids (8/25) and proximally
isplaced lateral patellar sesamoids (5/24), in addition to a
ingle lengthened trochanter tertius and one reduced me-
ial subtibiale sesamoid (Table 2). Hoxa-11 1/2 hindlimbs
ere apparently normal, with the exception of two reduced
edial patellar sesamoids and a reduced medial subtibiale
FIG. 2. Hoxa-10 and Hoxa-11 prevertebral and limb bud expres
revertebral and hindlimb bud expression in E11.5 wild-type, Hoxa
oundary of Hoxa-10 expression at pv21 in A and at pv20 in B an
oxa-10 2/2 embryos. (D and E) Prevertebral and hindlimb bud e
FIG. 3. Hoxa-10 and Hoxa-11 prevertebral and limb bud expressi
in E11.0 wild-type, Hoxa-11 1/2, and Hoxa-10/Hoxa-11 transhetero
expression at pv21 in A and at pv20 in B and C. (D–I) Hoxa-11
TABLE 2
Limb Phenotypes in Genetic Combinations of Hoxa-10 and Hoxa-
1/1
1/1
(n 5 26)
a10 1/
a11 1/
(n 5 26
Forelimbsa
Shortened humeral deltoid crest — —
10% reduction of ulnar/radial
length
— —
Thickened ulna/radius — —
Lesser multangular/centrale
carpal fusion
— —
Pisiform/triangular carpal
fusion
— —
Hindlimbsa
Lengthened trochanter tertius — 1/26
Proximally shifted lateral
patellar sesamoid
— 5/24b
Normal shape 4/24b
Heart shape 1/24b
Reduced medial patellar
sesamoid
— 8/25b
Absent medial patellar
sesamoid
— —
Thickened tibia — —
Thickened fibula — —
Abnormal tibial/fibular fusion — —
Reduced medial subtibiale
tarsal sesamoid
— 1/26
Absent medial subtibiale tarsal
sesamoid
— —
a Unilateral defects were present in some specimens; no trends
b Examination of total sample number not possible due to condi
c Very mild phenotype compared to Hoxa-10/a-11 transheterozytransheterozygous embryos. (D and E) Prevertebral and hindlimb bud e
Copyright © 2000 by Academic Press. All rightesamoid (Table 2). In contrast to these single heterozygous
henotypes, all Hoxa-10/Hoxa-11 transheterozygous hind-
imbs exhibited reduced medial patellar sesamoids (33/33),
prevalent defect in Hoxa-10 and Hoxa-11 2/2 mutants
Figs. 4C and 4D; Table 2). More striking, however, the
ransheterozygotes demonstrated thickening of the distal
ibiae and fibulae (30/34) and loss of tibial/fibular fusion
28/34), both of which resembled the severe Hoxa-11 2/2
indlimb phenotype (Figs. 4F and 4G; Table 2). Taken
in Hoxa-11 and Hoxa-10 mutants, respectively. (A–C) Hoxa-10
/2, and Hoxa-11 2/2 embryos. The arrows indicate the anterior
(D–I) Hoxa-11 expression in E11.0 wild-type, Hoxa-10 1/2, and
ssion. (G–I) Forelimb bud expression.
Hoxa-10/Hoxa-11 transheterozygotes. (A–C) Hoxa-10 expression
us embryos. The arrows indicate the anterior boundary of Hoxa-10
ession in E11.0 wild-type, Hoxa-10 1/2, and Hoxa-10/Hoxa-11
utant Alleles
a10 1/1
a11 1/2
(n 5 20)
a10 1/2
a11 1/2
(n 5 34)
a10 2/2
a11 1/1
(n 5 20)
a10 1/1
a11 2/2
(n 5 20)
— — 6/20 —
— — — 20/20
— 12/34 — 20/20
— — — 4/20
1/20 7/33b — 14/20
— — 7/20 —
— — 10/20 —
2/20
8/20
2/18b 33/33b 16/20 20/20
— — 4/20 —
— 30/34 — 20/20
— 30/34 18/20 20/20
— 28/34 4/20c 20/20
1/20 1/32b — 4/20
— — — 2/20
edness were observed.
of certain specimens.
and Hoxa-11 2/2 phenotypes.sion
-11 1
d C.
xpre
on in
zygo
expr11 M
2
1
)
in sid
tionxpression. (G–I) Forelimb bud expression.
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381Characterization of Hoxa-10/Hoxa-11 Transheterozygotestogether, these data suggest that the Hoxa-10 and Hoxa-11
utations synergistically affect the development of both
he transheterozygous forelimb and hindlimb, in particular
he morphogenesis of the zeugopod/autopod transition,
ndicating that Hoxa-10 and Hoxa-11 are functionally re-
undant during limb development.
Hoxa-10 and Hoxa-11 Mutation Has No Apparent
Effect on the Expression of the Other Gene in the
Developing Limb Buds
Both Hoxa-10 and Hoxa-11 are expressed in the develop-
ng limb buds in very similar fashions (Small and Potter,
993; Haack and Gruss, 1993). A patch of Hoxa-10 expres-
ion appears in the distalmost region of the forelimb bud on
9.0, and as limb development proceeds (E10.0–11.0), this
atch develops into a stripe of expression centrally located
n the proximal/distal axis of the bud. This stripe circum-
cribes the whole bud along the anterior/posterior axis, and
ollowing E11.0 the central portion of the stripe begins to
ade as expression separates into discrete anterior and
osterior domains. Hindlimb bud expression of Hoxa-10
ssentially mimics the pattern in the forelimb bud but lags
ehind by approximately a half-day (Figs. 2A–2C and 3A–
C). The above description of Hoxa-10 limb bud expression
lso applies to that of Hoxa-11 with the following excep-
tions (Figs. 2D–2I and 3D–3I). Temporally, Hoxa-11 bud
expression is established slightly later, and spatially, it is
more distal such that the proximal region of the Hoxa-11
expression stripe overlaps with the leading edge of the
Hoxa-10 stripe.
Alterations in the pattern of Hoxa-10 or Hoxa-11 limb
bud expression were not observed in Hoxa-11 and Hoxa-10
mutants, respectively (Figs. 2 and 3). Similarly, no changes
in level of expression were observed outside of the expected
decrease in the transheterozygotes (Figs. 2 and 3). Thus in
the absence of any detectable expression perturbations, the
phenotypic synergism observed in the transheterozygous
limbs strongly implies that Hoxa-10 and Hoxa-11 are func-
FIG. 4. Limb phenotypes in Hoxa-10/Hoxa-11 transheterozygous
wild-type forepaw depicting the pisiform (pi, arrow) and trian
transheterozygous forepaw depicting the pisiform/triangular carpal
view of wild-type knee depicting the medial patellar sesamoid (a
depicting the reduced medial patellar sesamoid (arrow). (E–I) Tibia
Lateral view of Hoxa-10/Hoxa-11 transheterozygous tibia and fibu
both bones. (G) Ventral view of (F) better depicting the tibial/fibular
epicting the slight loss of proximal tibial/fibular fusion and thic
epicting the severe loss of tibial/fibular fusion (arrows) and thick
IG. 5. Ductus deferens phenotypes in Hoxa-10/Hoxa-11 mutant
traightens to form the proximal ductus deferens (arrows in A–F).
tortuosity of the ductus deferens obscuring its distinction from th
ave normal or mildly tortuous ductus deferens. (F) Hoxa-10/Hoxa-
imilar to homozygotes (B and C). The transformation shown in (F)
he epididymis. The testis is included in (F) to show its anatomic re
o, epididymal corpora; cd, epididymal cauda; dd, ductus deferens; t, te
Copyright © 2000 by Academic Press. All righttionally redundant during appendicular skeletal develop-
ment.
Hoxa-10/Hoxa-11 Transheterozygous Reproductive
Tracts
Individual mutations of Hoxa-10 and Hoxa-11, both ex-
ressed in paramesonephric mesenchyme, affect reproduc-
ive tract development (Table 3; Benson et al., 1995, 1996;
sieh-Li et al., 1995; Satokata et al., 1995; Rijli et al., 1995;
endron et al., 1997). To assess the degree of functional
edundancy between Hoxa-10 and Hoxa-11 in these tissues,
ale reproductive tracts of each Hoxa-10/Hoxa-11 geno-
ypic combination were analyzed (Table 3). All 10 wild-type
ales had normal bilateral testicular descent. Of 5 Hoxa-10
/2 males, 3 had unilateral cryptorchidism of the left testis
and 1 was bilaterally cryptorchid (Table 3; Satokata et al.,
1995; Rijli et al., 1995). Likewise, of 5 Hoxa-11 2/2 males,
3 were unilaterally cryptorchid and 2 were bilaterally af-
fected (Table 3; Hsieh-Li et al., 1995). The gubernacula
connecting cryptorchid testes to the scrotal sac were abnor-
mally thin and elongated, with apparent failure of forma-
tion of the cord and muscular bulb. Direct comparison of
gubernacular defects did not reveal any overt differences
between Hoxa-10 and Hoxa-11 2/2 mutants. The cryp-
torchidism is recessive; neither Hoxa-10 nor Hoxa-11 1/2
males demonstrated a failure of testicular descent. In con-
trast, of 8 Hoxa-10/Hoxa-11 transheterozygous males, 7
were unilaterally cryptorchid and the 8th was bilaterally
cryptorchid (Table 3). All transheterozygotes also demon-
strated the associated gubernacular malformation, which
was indistinguishable from those of Hoxa-10 and Hoxa-11
2/2 males.
In addition to cryptorchidism, Hoxa-10 and Hoxa-11 2/2
males demonstrated a reproductive tract anteriorization. Of
10 wild-type males, all demonstrated normal reproductive
anatomy, with the highly coiled epididymal duct widening
and straightening to form the ductus deferens (Fig. 5A;
Table 3). Consistent with previous results, in all 5 Hoxa-10
nts. (A and B) Pisiform/triangular carpal fusion. (A) Lateral view of
(tr, arrowhead) carpals. (B) Lateral view of Hoxa-10/Hoxa-11
n (arrow). (C and D) Reduced medial patellar sesamoid. (C) Lateral
). (D) Lateral view of Hoxa-10/Hoxa-11 transheterozygous knee
ular phenotypes. (E) Lateral view of wild-type tibia and fibula. (F)
picting the loss of tibial/fibular fusion (arrows) and thickening of
of fusion (arrows). (H) Lateral view of Hoxa-10 2/2 tibia and fibula
ng of the fibula. (I) Lateral view of Hoxa-11 2/2 tibia and fibula
and malformation of both bones.
) In wild-type males, the duct of the distal epididymis widens and
d C) Hoxa-10 and Hoxa-11 2/2 males, respectively, demonstrate
didymis. (D and E) Hoxa-10 and Hoxa-11 1/2 males, respectively,
ansheterozygous males display a severe ductus deferens tortuosity,
lted in an abnormal angle of departure of the ductus deferens from
nship to the epididymis and ductus deferens. ca, epididymal caput;muta
gular
fusio
rrow
l/fib
la de
loss
keni
ening
s. (A
(B an
e epi
11 tr
resu
latiostis.
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382 Branford et al.and Hoxa-11 2/2 males, the ductus deferens, although
idened, displayed a serpentine curvature characteristic of
he more anterior epididymis (Figs. 5B and 5C; Table 3;
sieh-Li et al., 1995; Benson et al., 1996). Direct compari-
son of these defects revealed that the regions of anterioriza-
tion overlap proximally, but in Hoxa-11 2/2 mutants, the
transformation extended more posteriorly. Also, in males
with unilateral cryptorchidism, the undescended side was
more severely affected. Single heterozygotes displayed ei-
ther a wild-type phenotype or a very mild tortuosity of the
ductus deferens, seen in 3/11 and 7/13 of Hoxa-10 and
Hoxa-11 1/2 males, respectively (Figs. 5D and 5E; Table 3).
Transheterozygotes, however, displayed a degree of tortu-
osity similar to that of Hoxa-10 and Hoxa-11 2/2 mutants
Fig. 5F; Table 3). Therefore, Hoxa-10/Hoxa-11 transhet-
rozygous males demonstrated phenotypes not seen in mice
eterozygous for either single gene.
The female reproductive tracts were likewise analyzed
Table 3). Wild-type females have a narrow coiled oviduct,
hich abruptly widens to form the uterus. All three
oxa-10 2/2 females demonstrated anteriorization of the
ostral uterus into oviduct, resulting in an abnormal utero-
ubal junction (Table 3; Benson et al., 1996). The posterior
terus was grossly normal in these mutants. All five
oxa-11 2/2 females demonstrated a narrowing of the
ntire uterus (Table 3; Gendron et al., 1997). This narrow-
ng made it difficult to assess the uterotubal junction;
owever, in three of five in which the junction was visual-
zed, it appeared normal. The Hoxa-10 uterine phenotype is
ecessive, with all 11 Hoxa-10 1/2 tracts indistinguishable
rom wild type. Of six Hoxa-11 1/2 females, all exhibited
TABLE 3
Reproductive Phenotypes in Genetic Combinations of Hoxa-10 an
1/1
1/1
(n 5 10)
a10 1/2
a11 1/1
(n 5 11)
Males
Cryptorchidism
Bilateral — —
Unilateral — —
Ductus deferens tortuosity
(deferens 3 epididymis
transformation)
— 3/11a
(n 5 8) (n 5 11)
Females
Narrow uterus — —
Abnormal uterotubal
junction (uterus 3
oviduct transformation)
— —
a Mild phenotype compared to Hoxa-10/a-11 transheterozygous,
b Mild phenotype compared to Hoxa-11 2/2 phenotype.
c Mild phenotype compared to Hoxa-10 2/2 phenotype.narrow uterus, although less severe than the Hoxa-11 2/2
Copyright © 2000 by Academic Press. All rightphenotype, and none displayed any abnormalities of the
uterotubal junction. All eight transheterozygotes appeared
to have a unique phenotype with both a thin uterus and an
abnormal uterotubal junction (Table 3). The degree of
uterine narrowing was comparable to that of Hoxa-11 1/2
females, while the abnormality of the uterotubal junction
was similar to, but less extreme than, that of Hoxa-10 2/2
females. In three of eight transheterozygous females, this
phenotype was asymmetric, with more severe involvement
of the left uterine horn.
The overlapping expression patterns for Hoxa-10 and
Hoxa-11, the similarities in the Hoxa-10 and Hoxa-11
mutant phenotypes, and the synergistic effects observed in
transheterozygotes all suggest functional redundancy for
these two genes in the development of the male and female
reproductive tracts.
Alterations in Hoxa-10 and Hoxa-11 Expression in
Mutant Reproductive Tracts
As in the prevertebrae, the mutations of Hoxa-10 and
oxa-11 were found to alter the expression of one another
n the developing reproductive tracts. In newborn wild-type
ale mice, a low level of Hoxa-10 expression exists
hroughout the length of the ductus deferens, and this
xpression was not detectably changed in intensity or
attern in either Hoxa-11 1/2 or 2/2 mutants (data not
shown) (Benson et al., 1995; Podlasek et al., 1999). Expres-
sion of Hoxa-10 within the Hoxa-10/Hoxa-11 transhet-
erozygous ductus deferens also appeared to be unaltered,
although the expected twofold decrease in expression inten-
xa-11 Mutant Alleles
a10 1/1
a11 1/2
(n 5 13)
a10 1/2
a11 1/2
(n 5 8)
a10 2/2
a11 1/1
(n 5 5)
a10 1/1
a11 2/2
(n 5 5)
— 1/8 1/5 2/5
— 7/8 3/5 3/5
7/13a 8/8 5/5 5/5
(n 5 6) (n 5 8) (n 5 3) (n 5 5)
6/6b 8/8b — 5/5
— 8/8c 3/3 —
a-10 2/2, and Hoxa-11 2/2 phenotypes.d Ho
Hoxsity would be difficult to discern from the low level of
s of reproduction in any form reserved.
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383Characterization of Hoxa-10/Hoxa-11 Transheterozygoteswild-type expression (data not shown). Hoxa-11 expression
n the wild-type male neonate was also found throughout
he ductus deferens (Fig. 6A) (Hsieh-Li et al., 1995). The
level and pattern of Hoxa-11 expression in Hoxa-10 1/2
male tracts (Fig. 6B) appeared identical to those of wild type
(Fig. 6A), whereas in Hoxa 10 2/2 and Hoxa-10/Hoxa-11
transheterozygous tracts, both the pattern and the level of
expression were changed (Figs. 6C and 6D). In these mutant
tracts, expression of Hoxa-11 in the anterior ductus was
diminished compared to the posterior ductus. Additionally,
FIG. 6. Hoxa-10 and Hoxa-11 expression in newborn various
utant reproductive tracts. In the male reproductive tract (A–D),
hole-mount in situ hybridization demonstrates a reduction in
oxa-11 expression in Hoxa-10 mutant (C) and transheterozygote
ductus deferens (D). Expression of Hoxa-11 is absent in the anterior
ductus deferens of Hoxa-10 mutant (C, arrows indicate anterior
limit of expression) and expression level is much reduced in the
transheterozygous ductus deferens (D) compared to that of either
wild type (A) or Hoxa-10 heterozygote (B). In the female reproduc-
tive tract (E–L), a gradual loss of uterine Hoxa-10 expression was
observed correlating with loss of one or both wild type Hoxa-11
alleles (compare E to F and G). Hoxa-10 expression level in
transheterozygous uteri (H) appears comparable to that of Hoxa-11
heterozygotes (F). In contrast, loss of one Hoxa-10 wild-type allele
does not appear to affect Hoxa-11 uterine expression (compare I to
J) but loss of both Hoxa-10 alleles results in loss of Hoxa-11
expression in the anterior uterus (K). Hoxa-11 expression in trans-
heterozygous uteri (L) appears to be lower than in Hoxa-10 ho-
mozygous mutant (G), suggesting that insertion of the neo gene
into the Hoxa-10 homeobox affects the expression of the neighbor-
ing Hoxa-11 gene. Dark staining in ovaries is the result of probe
trapping. e, epididymis; dd, ductus deferens; o, ovary; u, uterus; v,
vagina.both mutants exhibited a decrease in Hoxa-11 expression 1
Copyright © 2000 by Academic Press. All rightthroughout the ductus compared to wild type, with the
transheterozygous expression being weaker than that of the
Hoxa-10 homozygote mutant. This pattern resembled that
observed for prevertebral Hoxa-11 expression, with the
Hoxa-10 mutation once again apparently repressing expres-
sion of the cis Hoxa-11 allele. In the transheterozygote the
single wild-type Hoxa-10 allele did not rescue expression of
the trans wild-type Hoxa-11 allele.
Hoxa-10 expression runs the entire length of the uterus in
wild-type neonatal females. The Hoxa-11 mutation was
found to change the level of Hoxa-10 expression, but not its
attern (Figs. 6F and 6G). These alterations in Hoxa-10
ntensity can be symbolically represented as follows: wild-
ype . Hoxa-11 1/2 5 Hoxa-10/Hoxa-11 (1/2)/(1/2) .
oxa-11 2/2. Thus in the female reproductive tract de-
reases in Hoxa-10 expression in the uterus correlated with
oxa-11 dosage. Wild-type Hoxa-11 expression, like Hoxa-
10, runs the length of the newborn uterus, and perturba-
tions in the pattern and amount of this expression were
observed in both the Hoxa-10/Hoxa-11 transheterozygous
and the Hoxa-10 2/2 mutants but not in Hoxa-10 het-
rozygotes (Figs. 6J–6L). The expression changes in these
emale mutants were analogous to those in the Hoxa-10
utant males. Less Hoxa-11 expression was present in the
nterior uterus versus the posterior, with the overall level
f expression in the transheterozygote being weaker than in
he Hoxa-10 2/2 female. The intensity of expression of
oxa-11 in both these mutants was diminished compared
o that in wild-type and Hoxa-10 1/2 females.
DISCUSSION
The targeted mutation of Hoxa-11 surprisingly resulted
in both a T13 3 L19 posteriorization and an L4 3 L39
anteriorization of the vertebral column (Table 1; Small and
Potter, 1993). The Hox code model predicts anteriorizations
for Hox null mutations and posteriorizations for mutations
resulting in ectopic Hox gene expression (Lewis, 1978;
Akam, 1987; McGinnis and Krumlauf, 1992; Krumlauf,
1994). In this case, the gene targeting deleted the coding
regions of both Hoxa-11 exons, as well as the single intron,
and certainly resulted in a null mutation (Small and Potter,
1993). Thus, the observed anteriorizations caudal to and
including L4 (pv24), the rostral limit of Hoxa-11 preverte-
bral expression, are consistent with the Hox code model.
Mutation of the Hoxa-11 gene was found to result in the
ctopic expression of Hoxa-10 in pv20 (T13), one preverte-
ra anterior to the wild-type boundary of expression at pv21
L1). The observed posteriorization of T13 to L1 in Hoxa-11
utants is likely due to the unexpected ectopic expression
f Hoxa-10, again consistent with the Hox code model.
hese results confirm the importance of Hoxa-10 in speci-
ying lumbar segment identity at the thoracolumbar tran-
ition. Thus, loss of Hoxa-10 function converts L1 3 T13,
nd ectopic Hoxa-10 expression converts T13 3 L1 (Table
; Satokata, 1995; Rijli et al., 1995; Favier et al., 1996).
s of reproduction in any form reserved.
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384 Branford et al.There are several possible explanations for the preverte-
bral misexpression of Hoxa-10 in Hoxa-11 mutants. Per-
haps most likely, the deletion of Hoxa-11 removed a shared
negative regulatory element that normally represses more
rostral Hoxa-10 expression. Hox genes and their flanking
equences have been previously shown to sometimes en-
ompass elements regulating expression of neighboring
ox genes (Frasch et al., 1995; Gould et al., 1997). For
xample, subtle mutation of three adjacent steroid receptor
inding sites in a cis-acting element of Hoxd-11 resulted in
an anterior shift of both Hoxd-10 and Hoxd-11 prevertebral
expression (Ge´rard et al., 1996). Alternatively, insertion of
PGK-neo into Hoxa-11 may have introduced positive regu-
latory elements driving Hoxa-10 misexpression. Misexpres-
sion of neighboring Hox genes resulting from cis effects of
gene targeting has been previously observed (Barrow and
Capecchi, 1996; Boulet and Capecchi, 1996). The phenotype
observed in mice carrying a distinct targeted Hoxa-11 allele,
however, suggests that the ectopic expression observed in
these studies was not the result of the PGK-neo insertion.
This recent Hoxa-11 targeting did not delete the Hoxa-11
intron, but did insert PGK-neo several kilobases closer to
Hoxa-10 than the targeted allele used in the studies re-
ported here. In these mice the T13 3 L19 transformation
was not observed (Zhao and Potter, unpublished observa-
tions). It is also unlikely that the absence of Hoxa-11
protein directly results in Hoxa-10 misexpression, since
Hoxa-11 is not developmentally expressed rostral to pv24.
Although expression of Hoxa-10 and Hoxa-11 overlap
posterior to pv23 (L3), Hoxa-10/Hoxa-11 transheterozygous
vertebrae, as well as Hoxa-10 and Hoxa-11 1/2 vertebrae,
were effectively wild-type caudal to L3, whereas the major-
ity of Hoxa-10 and Hoxa-11 2/2 mutants exhibited an
L4 3 L39 anteriorization (Table 1; Rijli et al., 1995). These
observations detected no functional redundancy between
Hoxa-10 and Hoxa-11 in vertebral development. In addi-
tion, at the T13/L1 transition (pv20/pv21), rostral to
Hoxa-11 prevertebral expression, half of Hoxa-10/Hoxa-11
transheterozygotes displayed a partial T133 L19 posterior-
ization and half a wild-type phenotype. Similar incidences
of these phenotypes were also observed in Hoxa-11 1/2
mutants, and as in these heterozygotes, the transheterozy-
gous posteriorization is likely caused by ectopic expression
of Hoxa-10 in pv20.
The absence of detectable synergism between the
Hoxa-10 and the Hoxa-11 mutations in vertebral devel-
opment was unexpected, since some Abd-B-type genes
have been previously shown to function redundantly in
vertebral morphogenesis (Fromental-Ramain et al.,
1996a). For example, in regions of prevertebral coexpres-
sion, Hoxd-11 exhibits redundancy with both a paralog,
Hoxa-11, and a nonparalog, Hoxa-10 (Davis et al., 1995;
Favier et al., 1996; Za´ka´ny et al., 1996). Nevertheless, a
ingle Hoxa-10 allele and a single Hoxa-11 allele were
bserved to combinatorially sustain wild-type vertebral
orphogenesis posterior to L3.
Of interest, while the mutation of Hoxa-11 resulted in
Copyright © 2000 by Academic Press. All rightctopic expression of Hoxa-10, the targeted mutation of
oxa-10 resulted in a severe reduction of Hoxa-11 prever-
ebral expression, but with normal boundaries. The sim-
lest interpretation is that the mutation of Hoxa-10 inacti-
ated an enhancer that normally upregulates Hoxa11
revertebral expression. This cis-effect resulted in low
evels of Hoxa-11 expression in Hoxa-10 2/2 mutants and
ndetectable Hoxa-11 expression in transheterozygotes
with one deleted and one repressed Hoxa-11 allele). Nev-
rtheless, the repressed Hoxa-11 allele provided significant
revertebral developmental function with the frequency of
4 3 L3 anteriorizations in Hoxa-10/Hoxa-11 transhet-
rozygotes much lower than observed in Hoxa-11 2/2 mice
Table 1).
Functional Redundancy of Hoxa-10 and Hoxa-11 in
Limb Development
In the limbs, inactivation of Hoxa-10 primarily yielded
subtle stylopodal and patellar alterations, while deletion of
Hoxa-11 mainly generated defects in the distal zeugopod
and proximal carpals (Table 2; Small and Potter, 1993;
Favier et al., 1996). Interestingly, Hoxa-10/Hoxa-11 trans-
heterozygotes displayed limb phenotypes characteristic of
Hoxa-11 2/2 mice, such as thickening and malformation
of the distal ulnae, radii, tibiae, and fibulae and pisiform/
triangular fusions. These observations that indicate
Hoxa-10 and Hoxa-11, two contiguous nonparalogous Hox
genes coexpressed in the developing zeugopod, have par-
tially redundant functions. Furthermore, a gene dosage
effect exists such that many of the mutant limb defects are
revealed only when two of four Hoxa-10/Hoxa-11 alleles
are inactivated. However, Hoxa-10 and Hoxa-11 are not
functionally equivalent in limb development, since the
relatively similar zeugopodal/autopodal phenotypes of
Hoxa-10/Hoxa-11 transheterozygous and Hoxa-11 2/2
limbs are primarily not recapitulated in Hoxa-10 2/2
mutants. Thus, Hoxa-11 appears to play a more critical role
than Hoxa-10 in the morphogenesis of the zeugopod/
autopod transition in both forelimbs and hindlimbs. Simi-
larly, in Hoxa-10/Hoxd-11 double null mutants, Hoxd-11
was found to be more critical than Hoxa-10 in the develop-
ing zeugopod/autopod, but only in the forelimb (Favier et
al., 1996).
Based upon the spatiotemporal colinear expression of
Abd-B-type Hox genes in developing limbs and the severe
zeugopodal deficiency of Hoxa-11/Hoxd-11 double null
mutants, Davis et al. (1995) proposed that members of
successive paralogous Hox groups 9–13 specify scapular/
pelvic, stylopodal, zeugopodal, archipodial autopodal, and
neopodial autopodal bones of the limb, respectively. Thus,
Hoxa-10 would specify the stylopod (humerus and femur)
and Hoxa-11 the zeugopod (radius, ulna, tibia, and fibula).
The majority of Hoxa-10 and Hoxa-11 mutant limb pheno-
types described support this model (Table 2; Small and
Potter, 1993; Favier et al., 1996). However, Hoxa-10 expres-
sion in the developing zeugopod suggests functionality, and
s of reproduction in any form reserved.
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385Characterization of Hoxa-10/Hoxa-11 Transheterozygotesindeed, most of the defects in Hoxa-10/Hoxa-11 transhet-
rozygous limbs, plus the tibial/fibular alterations in
oxa-10 2/2 hindlimbs, reveal morphogenetic functions of
oxa-10 in the developing forelimb/hindlimb zeugopod and
roximal forelimb carpals not predicted by this model.
imilar functions of Hoxa-10 were also unveiled in the
orelimbs of Hoxa-10/Hoxd-11 double null mutants (Favier
t al., 1996).
Apparent Functional Redundancy of Hoxa-10 and
Hoxa-11 in Reproductive Tract Development
Male Hoxa-10/Hoxa-11 transheterozygotes, as well as
oxa-10 and Hoxa-11 2/2 males, displayed cryptorchid-
sm, gubernacular malformations, and tortuosity of the
uctus deferens, while Hoxa-10 and Hoxa-11 1/2 mice
displayed only a mild ductus tortuosity (Fig. 5; Table 3;
Hsieh-Li et al., 1995; Satokata et al., 1995; Rijli et al., 1995;
Benson et al., 1996). Thus, unlike in the limb, Hoxa-10 and
Hoxa-11 appear to be functionally redundant in the devel-
opment of the male reproductive system, such that the
quantitative loss of any two Hoxa-10/Hoxa-11 alleles re-
sults in similarly severe abnormalities. In the female repro-
ductive tract, uterine narrowing is observed in transhet-
erozygous and Hoxa-11 2/2 females, with Hoxa-11 1/2
mutants having a similar, but less severe, phenotype,
whereas abnormal uterotubal junctions are observed in
Hoxa-10 2/2 females, with transheterozygotes displaying a
similar, but milder, phenotype (Table 3; Benson et al., 1996;
Gendron et al., 1997). Hence, Hoxa-10 and Hoxa-11 appear
to function redundantly in the morphogenesis of the female
reproductive tract. The presence of novel or more severe
transheterozygous defects, compared to those in Hoxa-10
and Hoxa-11 1/2 females, again suggests a gene dosage
effect, yet Hoxa-10 and Hoxa-11 are not functionally
equivalent in female reproductive tract development as
evidenced by the dissimilarity of the Hoxa-10 and Hoxa-11
2/2 defects. Hoxa-10 appears to be more critical to the
formation of the uterotubal junction than Hoxa-11,
whereas Hoxa-11 is more critical to the development of the
uterus. Additionally, limited attempts to breed transhet-
erozygotes to wild-type mice revealed male and female
hypofertility, both characteristic of Hoxa-10 and Hoxa-11
2/2 mutants, suggesting the loss of one Hoxa-10 and one
Hoxa-11 allele results in reproductive dysfunction as well
as dysmorphology (unpublished results; Hsieh-Li et al.,
1995; Satokata et al., 1995; Rijli et al., 1995; Benson et al.,
1996; Gendron et al., 1997).
The apparent functional redundancy between Hoxa-10
and Hoxa-11 in reproductive tract development must, how-
ever, be carefully evaluated in terms of the regulatory
interactions revealed by the expression studies. In both
male and female reproductive tracts the targeted mutation
of Hoxa-10 altered the domain and severely reduced the
level of expression of Hoxa-11. As observed for the prever-
tebrae, this repression appeared specific to the cis Hoxa-11
gene. Hoxa-11 expression was lower in transheterozygotes,
Copyright © 2000 by Academic Press. All rightwith one deleted and one repressed Hoxa-11 allele, than in
Hoxa-10 2/2 mice, suggesting that Hoxa-10 cannot rescue
expression of a Hoxa-11 gene in trans. This further suggests
that the targeted mutation of Hoxa-10, an insertion into the
homeobox, disturbed Hoxa-11 use of a common reproduc-
tive tract enhancer, perhaps through spacing or promoter
competition effects. These results are consistent with the
extensive sharing of cis-regulatory elements among Hox
genes, believed to play an important role in maintaining
their clustered organization (Sharpe et al., 1998).
Conversely, the targeted mutation of Hoxa-11 did not
detectably alter the already low expression of Hoxa-10 in
the male reproductive tract. It did, however, result in
repression of Hoxa-10 expression in the female reproduc-
tive tract. Further, this repression did not appear to be
specific to the cis Hoxa-10 gene. Expression of Hoxa-10 was
greater in transheterozygotes than in Hoxa-11 2/2 mice,
suggesting that Hoxa-11 can achieve some rescue of
Hoxa-10 in trans. Satokata et al. (1995) have previously
shown that the targeted Hoxa-10 allele does not give rise to
stable transcript, arguing that the Hoxa-10 RNA seen in
transheterozygotes is not from the mutant Hoxa-10 allele
which flanks the wild-type Hoxa-11. Taken together these
observations suggest that Hoxa-10 is a downstream target
of Hoxa-11 in the female reproductive tract.
These results also provide insight into the nature of the
genetic causes of the targeted Hoxa-10 and Hoxa-11 ho-
mozygous mutant phenotypes. Homozygous Hoxa-10 mu-
tants are not only null for Hoxa-10 function, but also show
severely reduced Hoxa-11 reproductive tract expression.
The observed phenotype is therefore perhaps the result of
the altered function of multiple Hox genes. A similar
conclusion can be drawn for the Hoxa-11 mutants.
The female reproductive tracts of Hoxa-10, Hoxa-11
transheterozygotes did not carry one wild-type and one null
allele of each gene as originally predicted. Instead they
carried one null and one repressed allele of each gene. The
apparent synergism in phenotypic effect observed in the
reproductive tracts of transheterozygotes is therefore at
least partly due to the targeted mutation regulatory effects
on the expression of other Hox genes. Each mouse heterozy-
gous for just Hoxa-10 or Hoxa-11 has fully functional
Hoxa-10 and Hoxa-11 wild type alleles on the trans chro-
mosome. The female transheterozygote, however, has no
wild-type allele of either gene that is normally expressed in
the reproductive tracts and would therefore be expected to
have a more severe phenotype.
In conclusion, the targeted mutations of Hoxa 10 and
Hoxa 11 were each shown to affect the expression of the
other in the developing prevertebrae and reproductive
tracts, but not in the limbs. Some of these effects operated
in cis, potentially reflecting shared regulatory elements,
while others operated in trans, suggesting cross-regulatory
relationships. In contrast, synergistic limb phenotypes in
transheterozygotes indicated redundant function of
Hoxa-10 and Hoxa-11 in limb development. This suggests
at least some overlap in Hoxa-10 and Hoxa-11 downstream
s of reproduction in any form reserved.
386 Branford et al.targets, which will need to be identified to better under-
stand the molecular mechanisms of Hox gene function.
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